Introduction
The two-spotted spider mite, Tetranychus urticae (Koch), is a global agricultural and 44 horticultural pest with significant economic importance due to its quantitative and qualitative 45 damage to food, fiber and specialty crops, including corn [1] , soybean [2] , rose [3] , cotton [4] , and 46 hops [5] . In fact, T. urticae is regarded as the most successful generalist arthropod herbivore, with the capability of utilizing over 1,100 plant species as hosts [6] . Despite multi-tactic control sequenced at forward and reverse directions by Functional Biosciences (Madison, WI). The 158 cloning experiment was performed with three independent RNA extractions. 159 160 TuCPR DNA sequences were examined in BioEdit software (Ibis Biosciences, Carlsbad, CA) 161 and aligned with ClustalW2 software (https://www.ebi.ac.uk/Tools/msa/clustalw2/) software to 162 obtain a consensus TuCPR sequence. The isoelectric point (pI) and molecular weight (MW) of 163 TuCPR were estimated using ExPASY (https://web.expasy.org/protparam/). Signal and quantity of dsRNA were examined in 1% agarose gel and nanodrop spectrophotometer.
Bioinformatics analysis and phylogenetic tree construction

211
The procedure for feeding RNAi with dsRNA (dsTuCPR and dsGFP) to adult female mites in 212 this study was adapted from Shi et al [41] and Kwon et al [42] . The approach involves soaking and 213 coating a circular leaf disc with either nuclease-free water, or nuclease-free water containing 214 dsGFP or dsTuCPR. Freshly cut lima bean leaves (2 cm in diameter) were briefly dehydrated at 215 50°C for 30 minutes in a sterilized oven before been soaked in either DEPC, dsGFP or dsTuCPR.
216
The concentration of dsGFP and dsTuCPR was 300 ng/µL and the absorption period was five 217 hours. A concave feeding chamber was created by spreading a Parafilm sheet on a cylindrical before collection for further investigation.
224
After feeding RNAi, the knockdown efficiency of dsTuCPR was evaluated by qRT-PCR and 225 bioassays were performed to test the acaricide resistance phenotype. For the bioassays, the mites 226 were transferred to arenas after feeding and treated with the acaricide that they were resistant to 227 using the LC50 dose that was estimated from the experiments described in the section 2.3. Mite hydroxycoumarin was serially diluted to seven concentrations to generate a reference product 278 curve as described in our previous studies [44, 45] . identified in the primary structure of TuCPR (Fig. 1) . The FAD binding motif includes three amino 330 acids Arg (447), Tyr (449), and Ser (450) (Fig. 1) . The catalytic residue of TuCPR consists of Ser 331 (450), Cys (621), Asp (664), and trp (666) (Fig. 1 ).
332 Fig. 1 . Schematic illustration of TuCPR domain structure. The structure of TuCPR showed the membrane anchor (black rectangle), conserved binding domains (FMN binding, FAD binding, NADP binding), FAD binding motif, and catalytic residues. The positions used for qRT-PCR and dsRNA primer design were highlighted with black lines.
A phylogenetic tree was generated using MEGA 7 with the neighbor joining algorithm based 333 on CPR sequences of T. urticae and 35 other arthropod species (Fig. 2) . TuCPR formed a sister 334 clade with CPR from a closely related species, T. cinnabarinus with a shared identity of 94.5% 335 ( Fig. 2 ; Table S2 ). TuCPR formed a monophyletic clade with CPRs from other Arachnid species.
336
The similarity of TuCPR to CPRs of the other arthropods analyzed in this study ranges between 337 52.4 and 94.5 % (Table S2 ). 
TuCPR RNAi causes increased mortality after acaricide exposure in resistant T. urticae 367
To test for a direct role of TuCPR in mediating resistance to acaricides, we performed RNAi- significantly reduced compared to the controls after feeding of TuCPR dsRNA (Fig. 5A ). The of TuCPR expression were observed in the ABA_HF and FUJI_LF populations, respectively.
373
After feeding on dsRNA, adult female mites were examined for their susceptibility to 374 abamectin, bifenthrin and fenpyroximate. There was no significant difference in the mortalities of 375 mites between DEPC and dsGFP treatments in all the tested T. urticae populations. In TuCPR 376 dsRNA fed mites, the degree of reduction in the resistance to the tested acaricides ranged from 15 377 to 25% (Fig. 5B) , indicating that TuCPR plays a role in mediating acaricide resistance in T. urticae.
378
The reduction in resistance to each acaricide also varied significantly between the lowly (LF) and 379 highly (HF) selected populations, suggesting that the role of P450-mediated resistance changes 380 with selection pressure. was reduced by 3.8-and 2.1-fold, respectively (F(5,18) = 227.4, P < 0.0001) (Fig. 6A ). In the Fig. 6 . Effect of feeding dsTuCPR on CPR activities (A-C) and P450 activities (D-F) in acaricide resistant T. urticae populations. Statistical significance of the gene expression among samples was calculated using one-way ANOVA followed by Tukey-HSD post-hoc test. There was no significant difference among relative expression within samples with the same alphabetic letter (i.e. a, b and c).
Discussion
407
Identification of novel and specific targets for RNAi-based pest management provides new 408 avenues for preventing and suppressing incidences of pesticide resistance [47, 48] . Cytochrome 409 P450-mediated metabolic resistance is a major driver of multiple acaricide resistance in intractable 410 pests including T. urticae [49] [50] [51] . The P450 detoxification system requires an electron from 411 oxidizing agent NADPH via obligatory donor CPR to complete its metabolic cycle [52] . Therefore, 412 research to fully characterize CPR in T. urticae will help in understanding the functions of the 413 P450-mediated detoxification system in multiple acaricide resistance and facilitate the 414 development of new targets for management of this notorious agricultural pest.
415
Beyond metabolism of xenobiotics such as pesticides and host plant allelochemicals, P450s are 416 also involved in the biosynthesis and/or degradation of endogenous compounds [19, 53] . TuCPR Further research is necessary to investigate whether the induction of TuCPR by acaricides in T. 441 urticae directly contributes to acaricide resistance.
442
The use of RNAi to characterize gene functions and facilitate pest and pollinator 443 management has been well documented and reviewed [49, [68] [69] [70] . In our study, feeding dsTuCPR optimize the efficiency of RNAi (Fig. 5A) [41, 42, 71, 72] . Downregulation of TuCPR increased 447 susceptibilities of T. urticae populations to multiple acaricides, including abamectin, bifenthrin 448 and fenpyroximate, which are all commonly used for T. urticae control (Fig. 5B ). Abamectin is a 449 modulator of the glutamate-gated chloride channel (GluCl), belonging to IRAC group 6. Field-450 evolved resistance to abamectin is well characterized in T. urticae [8, 10, 73, 74] . Although 451 abamectin resistance has been linked to mutations in GluCl1 (G323D) and GluCl3 (G326E) [ Bifenthrin is a globally used pyrethroid (IRAC group 3A) insecticide/acaricide [10, 77] .
457
Bifenthrin resistance in T. urticae has been reported to link with multiple mutations or mutation 458 combinations in the target voltage-gated sodium channel (e.g. M918L, L1024V, A1215D, F1538I, 459 and F1534S) [11, 12, 71, 74, 78, 79] . We found evidence for P450-mediated bifenthrin resistance 460 in BIF_LF and BIF_HF based on the reduction in bifenthrin toxicity after ingestion of dsTuCPR 461 ( Fig. 5B ) and synergistic effect of PBO on bifenthrin ( fenazaquin) has been well documented in multiple crops [11, 74, [82] [83] [84] [85] . Recent studies reported 471 that resistance to fenpyroximate and other METI acaricides may be associated with metabolic 472 detoxification by CYP392A11 [22] or H92R mutation in the PSST 1 subunit of complex I [86] . In 473 our previous diagnostic studies, the H92R mutation has not been observed in any T. urticae 474 populations tested in multiple crops of the US Pacific Northwest [11, 74] . However, CYP392A11 475 showed enhanced expression in half of T. urticae populations collected from hops [78] and 60% 476 of populations collected from peppermint [11] . Our current synergist study found that PBO had a 477 relatively high synergistic effect on fenpyroximate toxicity (SR = 16.7 in FUJI_HF) ( Table 1) .
478
After knocking down TuCPR, the fenpyroximate resistance decreased significantly ( Fig. 5 ),
479
indicating P450-mediated detoxification is responsible for fenpyroximate resistance in both the 480 FUJI_LF and FUJI_HF populations.
481
It is widely assumed that the degree and duration of selection pressure can potentially alter 482 the mechanism(s) of pesticide resistance. High level of pesticide selection pressure is expected to 483 produce monogenic resistance while low/moderate selection will likely result in polygenic 484 resistance [87] . Though the current study did not exhaustively pursue the holistic basis of acaricide 485 (abamectin, bifenthrin, and fenpyroximate) resistance, we did observe that the baseline activity of P450 and CPR varied significantly between the low doses-selected (LF) strains and high dose 487 strains selected strains (HF) except for P450 activity in the bifenthrin resistant strains (Fig. 6 ).
488
Furthermore, the synergic activity of PBO on acaricide toxicity also varied between LF and HF 489 resistant T. urticae strains ( Table 1 ). This suggests that the contribution of P450s toward resistance Fig. S2.   Fig. S3 .
